The brain regions associated with binge-eating disorder (BED) and those targeted by Lisdexamfetamine (LDX) overlap. The present paper reviews the psychobehavioural and neuropharmacological mechanisms at play in BED and compulsive eating behaviours, along with the mechanisms of action LDX is thought to play. We present one case of chronic BED and highlight the EEG scans pre-and post-LDX treatment. The normalization of the patient's electroencephalogy (EEG) activity associated with BED after LDX supports theorized mechanisms of LDX action, further explaining its efficacy in treatment. A significant decrease in theta band power was observed in the patient after treatment with LDX. Specifically, this decrease was modulated by changes in the F8 electrode corresponding to the orbitofrontal cortex (OFC)-An area associated with deficits in inhibitory function, seen in addictions and BED. A better understanding of the psychobehavioural and neuropharmacological mechanisms involved in BED and LDX treatment has the potential to significantly enhance our knowledge of the underlying pathogenesis, potential prevention, and optimal treatment options for patients.
described as recurrent episodes of particularly large amounts of food intake within a discrete period of time, lack of control over consumption, marked psychological distress and physical discomfort, along with an absence of compensatory behaviours after the occurrence of the binge episodes [3] . As of 2013, BED has been included as an official diagnosis in the main section of the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-V).
In 2015, the use of the d-amphetamine prodrug Lisdexamfetamine dimesylate (LDX), more commonly known as Vyvanse, received approval from the US Food and Drug Administration (FDA) for the treatment of BED. It was initially specified for the treatment of Attention Deficit Hyperactivity Disorder (ADHD), and later was proven to also have efficacy in limiting the occurrence of binge-eating behaviours [1] [4] [5] [6] [7] .
The following is a case report that looks at the brain data of a patient with BED, both before and after starting her treatment with LDX. Data is in line with previous studies on the pathways involved in BED, and the efficacy of using LDX to treat BED and compulsive eating behaviours. This case report highlights brain mechanisms and regions implicated in BED, and possible mechanisms of LDX action.
Mechanisms of Binge-Eating Disorder and Mechanisms of Action in Lisdexamfetamine
Data suggests that many psychobehavioural and neuropharmacological mechanisms are at play in BED and associated compulsive behaviour. Moore et al.
[8] [9] explained that the transdiagnostic construct of compulsive eating seen in BED and other conditions, can be broken down into three behavioural elements: habitual overeating, overeating to relieve a negative emotional state, and overeating despite adverse consequences. Each element's dysfunction can be mapped onto the brain to find relevant regions that are at play. Habitual overeating involves dysfunction in brain areas implicated in associative learning, reinforcement, and habit forming: the basal ganglia, ventral striatum, and dorsolateral striatum (DLS), respectively [8] [9] . Changes in BED habit forming are hypothesized to be due to a shift in dopaminergic signaling from the repeated activation in the ventral striatum following presentation of palatable food stimulus, to the more goal directed, habit forming region of the DLS [2] [8] . Similar to symptoms of Obsessive Compulsive Disorder (OCD), another element involves engaging in behaviours that promote negative reinforcement to relieve emotional states [8] [9] [10] . Engagement in compulsive eating behaviours promotes relief from anxiety, stress, and distress [8] [9] . The neurobiological processes involved in the second element include the desensitization of the mesocorticolimbic dopaminergic system, and neuroadaptations in the brains stress system in the extended amygdale, similar to that of someone withdrawing from drugs and alcohol [8] [9] [11] . For compulsive eating behaviours in BED, continued intake of palatable food becomes necessary to prevent experiencing negative emotional states [11] . Open Journal of Psychiatry Overeating despite adverse consequences, the last element of compulsive eating behaviour described by Moore et al., concerns the loss of control over food intake [8] [9] . This loss of control is exemplified by the inability to cease food consumption once started, despite feeling negative physical and psychological results [3] [8] [9] . Similar to the circuits implicated in addiction, these deficits of inhibitory control are found in the prefrontal cortex (PFC) and are meant to suppress inappropriate and dangerous actions [12] [13] . Hyperactivity of the dorsolateral PFC (dlPFC), anterior cingulate (ACC), and orbitofrontal (OFC) cortices, and hypoactivity of the ventromedial PFC (vmPFC) are thought to be at the route of compulsivity in binge-eating behaviours [8] [9] .
In terms of neuropharmacology, three systems will be highlighted, the dopamine (DA), trace amine-associated receptor-1, and the serotonin (5-HT) systems. The dopaminergic pathways are implicated in the motivational aspects of compulsive eating and BED. The signal dominance of the Dopamine Type-1 Receptor neurons (D1R) found in the DLS of those with binge-eating behaviour showed increased habit-forming functioning when triggered by palatable foods [14] . Overstimulation of these dopaminergic pathways were found to bring about insensitivity to the outcomes of these habitual actions surrounding food intake, and thus contributed to the loss of pleasure, and deficits in the motivation that cause action [14] . As a result, compulsive eating behaviours develop as a form of symptom relief in order to combat the feelings of anhedonia and motivational deficits [8] [9] [14] . Furlong et al., found that when a D1R agonist was injected into the dorsolateral striatum, the habit-forming performance initially seen was inhibited, and normal goal directed functioning and sensitivity to palatable foods was restored [14] . Backed by several studies that show decreased DA activity in addictive behaviour, the loss of inhibitory control exhibited by those with BED and compulsive eating behaviours was found to be attributed to vulnerabilities of DA signaling in the PFC [8] [9] .
Evidence suggests that the trace amine-associated receptor-1 (TAAR1) plays a vital role in the regulation of behaviours associated with drugs of abuse, and the compulsive eating behaviours found in BED. TAAR1 is a G-protein coupled receptor activated by trace amines and neurotransmitters like DA and 5-HT, and has been found to significantly influence DA signaling in the mesocorticolimbic system: the reward pathways [15] . A lack of TAAR1 within the reward pathways results in heightened DA firing and thus, increases reinforcement and the reward effects of drugs of abuse and addictive behaviours [15] . Contrarily, TAAR1 activation reduces DA firing, resulting in the suppression of addictive behaviours [15] . It was found in a study conducted on binge-eating in rats, that binge-eating behaviours activated by palatable foods decreased TAAR1 protein levels in PFC pathways, and the TAAR1 agonist RO5256390, decreased compulsive eating behaviours [15] . As palatable food intake has been found to activate the reward circuit and release DA in PFC pathways, the modulation of TAAR1 in these areas have been proposed as a remedial option for addictive disorders including BED [8] [15] . Open Journal of Psychiatry Research has suggested links between dysfunction of 5-HT neurotransmitters, mood regulation and binge-eating behaviours [8] [16] [17] . Impaired 5-HT synaptic transmission indicated by reduced 5-HT content found in the brain following 5-HT uptake, was linked to the development of binge-eating in humans [16] . As a result, 5-HT inhibitors have been proposed as potential therapeutics, which will help in reducing the frequency of binge-eating behaviours and symptoms [4] [8] [18] .
Evidence has shown LDX to specifically target psychobehavioural and neuropharmacological mechanisms at play in BED [8] . This prodrug works through the modulation of monoamine transmission, including DA and 5-HT [7] [8] [19] . After administration in rats, LDX was found to increase sustained DA in the striatum [8] . This increase in striatal DA is thought to recover the low DA states characteristic of those with compulsive eating behaviours, and in turn, provide relief from the negative emotional states experienced by those with BED 
Case Description
A 56-year old female patient began seeking treatment from the attending physician after a 45-year history with BED. Her first episode of binge-eating was reported at the age of 11 and had continued without remission ever since. Her medical history includes a cholecystectomy at the age of 17, a roux-en-y gastric bypass surgery at 41 years of age, and gastric band surgery a few years following.
She also underwent a partial hysterectomy in the past and has Factor V Leiden deficiency. Family history: no noted disorders; patient habits: nonsmoker, no alcohol consumption.
Before binge episodes-which occurred up to three times a day without compensatory purging behaviours, she reported having the feeling of being spaced out, and when the binge began, feeling out of control and eating about three times the volume of a normal meal. She reported that years of binge-eating resulted in low self-esteem and had greatly interfered with her life. She denied symptoms of depression, anxiety, OCD, hallucinations, delusions, and other comorbidities, and was previously tried on Zoloft and Citalopram but reported no benefit or cessation of binge-eating symptoms. Further, she tried psychotherapy on a number of occasions without any benefit.
On examination, her ears were clear, optic fundi were normal, nose was clear, mouth was clear, and thyroid was within normal limits. Her chest was clear, and Open Journal of Psychiatry heart sounds were normal with no extra sounds or murmurs. There were no masses, bruits, tenderness or organomegaly of the abdomen, and extremities were normal. She did not have a Trousseau or Chvostek's sign.
After examination, the attending physician recommended Low Resolution Electromagnetic Tomography Analysis (LORETA) neurofeedback and LDX. After five sessions with neurofeedback, the patient agreed to try LDX at an initial 30 mg a day for 6 months, with the potential to increase the dosage to 50 mg and 70 mg if necessary. Along with LDX, a 25 mg a day dose of Zoloft was prescribed. Other medications she was taking were 88 mg a day of Aspirin for Factor V Leiden deficiency, and iron in the form of Palafer and a multivitamin.
Analysis
Electroencephalogy (EEG) LORETA scans were recorded using a 21 channel NeXus cap at resting state both before and 3 months after treatment with LDX. Channels were then averaged to see the overall changes in band power before and after.
Discussion
BED is described by the DSM-V as recurrent and uncontrollable episodes of compulsive eating with marked physical and psychological distress [3] . The interplay between the compulsive eating behaviour elements: habitual overeating, overeating to relieve a negative emotional state, overeating despite adverse consequences, and the DA, TAAR1, and 5-HT systems marks the psychobehavioural and neuropharmacological mechanisms active in both BED and mechanisms of action by LDX [4] - [19] .
In the present case, a patient with chronic BED, sought treatment after 45 years of ineffective surgeries, medications, and psychotherapy. After several LORETA neurofeedback sessions, the patient agreed to try LDX at 30 mg a day for 6 months. Self-reported immediate cessations from binge-eating behaviours are accompanied by a normalization of brain areas associated with BED and addiction demonstrated by EEG scans pre-and post-treatment.
Immediately after beginning treatment with LDX, the patient reported cessation of binge-eating episodes and behaviours. Compared to the EEG scans taken before LDX treatment, post-LDX treatment scans showed a normalization of EEG activity in the Brodmann areas associated with BED and addiction. These Brodmann areas, 13, 24, 25, 32, 44, 45, 46, 47, include the insular cortex and PFC pathways, which are integral to executive functioning and inhibitory control in humans [21] . These areas participate in varying degrees to the craving, bingeing, and withdrawal behaviours seen in addiction [21] [22] . The advantage to using Z-scores in LORETA biofeedback is the ability to receive instant comparisons using a reference database of healthy individuals Z-scores [23] . These instanta- [28]. The power spectrum density of the patient shows that theta band power was significantly higher before treatment as shown in Figure 2 . Several studies have shown that alcoholics exhibit increased overall power in the theta band relative to controls, hypothesized to be an index of imbalance in cortical excitation-inhibition homeostasis [25] [26].
Tammela et al., have also found some overlap in resting state EEG frequency bands between alcoholics and subjects with BED [27] . Further analysis shows that the change in theta power is driven primarily by a decrease of power in the right inferior frontal gyrus after treatment (BA 47 or F8 electrode) as shown in with BED, also listed on the LDX prescription insert, include: dry mouth, headache, insomnia, decreased appetite, feeling jittery, anxiety, and increased heart rate and blood pressure [1] [7] [19] .
In line with the medications reported warnings and adverse reactions, the patient reported dry mouth and lips, increased perspiration, and a need to take her dose of LDX by early morning to avoid an inability to sleep. The patient continues to report a complete normalization of binge-eating behaviours and still actively uses LDX for treatment.
Implications from this review and case report highlight brain regions implicated in BED and mechanisms of LDX action. Direct mechanisms of LDX and BED should be further studied in order to better understand the psychobehavioural and neuropharmacological mechanisms involved, and to enhance knowledge of the underlying pathogenesis, as well as ideal treatment options for those with BED. Future studies may also explore the effects of LDX on the theta power band frequency in those with BED.
